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INTRODUCTION
Propagule supply is believed to be an important control on the rate and extent of invasion (Rejmanek 1989 otically harsher (e.g., rocky or infertile soils), biotically more resistant (e.g., higher native species abundance), or less disturbed than sites near roads. It is critical to understand whether propagule limitation or environmental variation (or both) is responsible for landscapelevel invasion patterns, since these mechanisms have very different implications for predicting and managing . .
nvaslons.
In a previous study, we found that even after controlling statistically for such potentially confounding factors as soil fertility, aspect, climate, and livestock grazing, grasslands > 1000 m from roads still contained significantly more native grass species and fewer exotic forb species than grasslands 100 m or 10 m from roads. Noxious weeds that have been spreading in recent years (e.g., Centaurea solstitialis and Aegilops triuncialis) tended to show distance effects, while older invaders such as Bromus, Avena, and Erodium species did not (Gelbard and Harrison 2003) . These results suggested that the effect of distance corresponded to exotic propagule limitation rather than environmental heterogeneity. However, experimental testing of this conclusion is warranted because of its critical practical implica-tions. If roadless grasslands are less invaded only because of their isolation, then they are vulnerable to invasion if seeds are introduced. If they are less invaded because of abiotic resistance, they should remain resistant except to new invaders that are adapted to their physical conditions. If they are protected by biotic resistance, it is critical to protect the vegetation and soil characteristics that confer this resistance.
A prime candidate to test these ideas is yellow starthistle (Centaurea solstitialis), because it has yet to invade most roadless grasslands (Gelbard and Harrison 2003) . This species was probably first introduced into California and Washington, USA, in the mid-1800s as a contaminant in alfalfa seed and spread along roads and other rights of way and throughout grasslands by vehicles, livestock, streams, wildlife, and wind ( To further examine the sources of possible resistance, we analyzed our experimental results using a series of covariates representing abiotic factors (e.g., soil rockiness, fertility), biotic factors (e.g., native grass and forb cover), and disturbance (e.g., cover by bare ground). If, for example, Centaurea performance was better in near than in distant cleared plots, but the inclusion of soil rockiness as a covariate removed the significance of the distance effect, we would interpret this to mean that abiotic resistance explains (or contributes to) the distance effect. In the same example, if the inclusion of native species cover as a covariate removed the significance of the distance effect, we would interpret this to indicate belowground biotic resistance as the cause of the distance effect. If Centaurea performance were better in near than in distant uncleared (but not cleared) plots and the inclusion of native species cover removed the significance of the distance effect, this would indicate aboveground biotic resistance.
METHODS

Site description
The 130 000-ha study region consists of portions of the Putah and Cache Creek watersheds in California's inner North Coast Range (Napa, Lake, and Colusa Counties, USA; Fig. 1 To test whether there was a significant effect of distance from roads, clearing, soil type, aspect, and year on Centaurea (1) seed germination, (2) survival, and (3) biomass per plot, we performed repeated-measures ANOVAs. Dependent variables included the above measures of Centaurea abundance. Independent variables included distance class, clearing, soil type, aspect, year, and the second-and third-order interactions of these variables. For analyses on survival, we excluded plots that did not contain seedlings (83 of 256 plots over 2 yr) and for analyses on biomass, we excluded plots that did not contain adult plants (149 of 256 plots over 2 yr, including 43 of 132 on nonserpentine soils and 106 of 124 on serpentine soils). Since an insufficient number of serpentine plots contained adult plants for us to be able to test for differences in biomass, we conducted this analysis on nonserpentine only. Where we found a significant distance X clearing or distance X soil interaction effect, we used.ANOVAs to identify significant differences between near and distant sites within each plot type or soil type. Where we found a significant distance, clearing, soil, or year x aspect interaction, we used the Tukey's honestly significant difference (hsd) multiple-range test to determine which pairs of means were significantly (P &lt; 0.05) different.
To ask whether 10-m and >1000-m sites differed in site characteristics, we used MANOVA. Independent variables included distance class, soil type, aspect, and all second-order interactions. Dependent variables included slope steepness, radiation load (Buffo et al. 1972), biomass, soil organic matter, total N, P, Ca, Mg, Ca:Mg ratio, CEC, soil texture, plant-height, and cover (as percentages) by rock and gravel, bare ground, litter, and livestock-and wildlife-related disturbances. To ask whether near and distant plots and sites differed in plant community composition, we repeated the above MAN-OVA, but conducted separate tests for each year, with dependent variables including (1) numbers of native (grass, forb, perennial, and annual) species/0.09-m2 plot, and (2) in grasslands surrounding plots (sites), (a) cover by native and exotic grass and forb species and percentage of native species per square meter, (b) numbers of native and exotic grass and forb species per square meter, and (c) numbers of native perennial and annual species per square meter. Where we found a significant distance x soil interaction, we used ANOVAs (repeated measures where appropriate) to iden- To ask (1) what other environmental variables may correspond with Centaurea seed germination, survival, and biomass per plot and frequency and cover per site within each soil type, and (2) whether cover by bare ground was correlated with plant height and cover of wildlife-or livestock-related disturbances, we conducted correlation analyses. In all tests, we considered results with P &lt; 0.05 to be statistically significant and results with 0.05 E P 0.1 to be marginally significant unless otherwise specified.
RESULTS
Effects of distance from roads on yellow starthistle success
The frequency and cover of Centaurea per square meter were greater in sites 10 m (near) than in those > 1000 m (distant) from roads on both soil types (Fig.  2) . In 30 x 30 cm (0.09-m2) plots at each site, distance from roads had no consistent effect on Centaurea seed germination, but showed significant effects on its survival and aboveground biomass (Table 1, Figs. 3-5) . Seed germination was slightly greater in distant plots than in near plots in 2001, but the reverse was true in 2002; these effects were not significant within soil types (Table 1, Fig. 3 ). The effect of distance on survival depended on clearing and soil type (Table 1, Fig.  4) . On nonserpentine soils, survival was greater in near plots than in distant uncleared plots only (Table 1, Fig.  4) . Centaurea biomass was greater in near plots than in distant uncleared and cleared plots (Table 1, Fig. 5) . On serpentine soils, there was no difference in Centaurea performance between near and distant plots, whether uncleared or cleared (Table 1 x soil (P = 0.10) and significant distance X soil X aspect (P = 0.03) interaction effects (Table 2) . On nonserpentine soils, uncleared distant plots contained greater numbers of native grass and native perennial species per 0.09 m2 than uncleared near-road plots (Table 2). In grasslands surrounding plots, sites 10 m and > 1000 m from roads differed similarly in numbers of and cover by native species per square meter, and distant sites contained significantly lower cover by exotic and exotic forb species (Table 2 ). Sites 10 m and > 1000 m from roads also differed in site characteristics and disturbances (whole-model MANOVA, P &lt; 0.0001), including in a significant (P = 0.02) whole-model distance X soil type interaction (Table 3) .
The effects of distance on survival and biomass in nonserpentine plots were no longer significant in ANCOVAs with native grass cover as a covariate. Native grass cover was higher in distant than in near sites and was negatively correlated with survival in 2002 and with biomass in both years (Appendix A). The effect of distance on biomass was no longer significant in ANCOVAs with bare ground, native perennial richness, and native grass richness as covariates. Bare ground was lower and native perennial and grass richness was higher in distant than in near sites, and Centaurea biomass was negatively correlated with native perennial and grass richness (Appendix A), but significantly positively correlated with bare ground (Appendix B). Figs. 3-4) . Seed germination was significantly greater in cleared (17.0 + 2.0%/0.09 m2; mean + SE) than uncleared (4.7 + 2.0%/0.09 m2) plots on nonserpentine (ANOVA, P < 0.0001), but not serpentine soils in 2001 (Fig. 3) , and was greater in 2001 (8.5 + 1.0%/0.09 m2) than in 2002 (6.1 + 1.0%/0.09 m2; Table 1 ). It was greater (ANOVA, P < 0.0001) on nonserpentine (13.9 + 1.6%/0.09 m2) than on serpentine (5.7 + 1.6%/0.09 m2) soils in cleared plots only (Table 1, Fig. 3 ) and was greater (Tukey's hsd multiplerange test, P < 0.05) on neutral (flat) slopes (10 + 1.0%/0.09 m2) than on warm (6.8 + 1.0%/0.09 m2) or cool (5.4 + 1.0%/0.09 m2) slopes (Table 1) Within uncleared plots on each soil type, Centaurea seed germination, survival, and biomass per plot as well as its frequency and cover per site were significantly correlated with numerous environmental variables (Appendices A-C). Centaurea (Table 1) . one species of native grasses were perennial (Appendices A-C). Bare ground was strongly positively correlated with the cover of livestock-related disturbances (r = 0.69, P &lt; 0.0001), but not wildlife-related disturbances, and was strongly negatively correlated with plant height (r = -0.45, P &lt; 0.005).
DIscusSION
The effects of distance from roads on the performance of experimental Centaurea differed depending on life stage, soil type, and disturbance. There was no difference in seed germination between near and distant plots on either soil type, indicating that Centaurea seeds can germinate and establish in grasslands regardless of distance from roads. However, Centaurea survival was higher in near than in distant uncleared (but not cleared) plots, indicating that aboveground biotic resistance may be responsible for inhibiting invasion in nonserpentine grasslands distant from roads. The biomass of surviving Centaurea was greater in near than in distant uncleared and cleared plots, indicating either abiotic or belowground biotic resistance. This effect was no longer significant in ANCOVAs with native perennial and grass abundance and bare ground cover as covariates, suggesting belowground biotic resistance. There was no effect of road proximity on Centaurea performance in serpentine plots, which suggests that its low abundance in roadless sites is due to propagule limitation rather than resistance. We speculate that if propagule limitation explains the effect of distance on Centaurea abundance on serpentine soils, it Plant community composition (means + SE) in (a) unclipped ().()9-mZ C Distant sites contained higher numbers of and cover by wildlife-related disturbances, and strongly negatively native species and lower numbers of and cover by ex-correlated with plant height and native grass cover. The otic species. They were also characterized by slightly effect of distance on survival was no longer significant higher litter cover and taller plant height, which can in the ANCOVA-with native grass cover as a covariate. reduce ground light levels, and by lower cover by bare The effect of distance on biomass was no longer sigground, which was strongly positively correlated with nificant in the ANCOVA with native abundance and the cover of livestock-related disturbances, but not bare ground cover as covariates. These findings indi- cate that lower Centaurea survival and biomass in roadless nonserpentine grasslands is related to the higher native grass cover and lower levels of disturbances that create areas of bare soil, such as moderate to heavy livestock grazing. We acknowledge that factors we did not measure, such as the composition of the soil community, could have also contributed to the effects of distance on Centaurea performance. All but one native grass species at our nonserpentine sites were perennial bunchgrasses, with Nassella pulchra and Poa secunda most abundant ( Conversely, plant communities may be least resistant to invasion where they contain low abundance of species with similar life history characteristics to introduced exotics (Gerlach et al. 1998 ). Centaurea performed best at sites near roads, which were considerably more dominated by shallow-rooted exotic annuals than were distant sites and contained few native perennial grasses. This aspect of our results is suggestive of the hypothesis proposed by Simberloff and Von Holle (1999) that invasions may generate positive feedbacks, such that invasions render sites increasingly vulnerable to further invasions.
CONCLUSIONS AND IMPLICATIONS FOR CONSERVATION
This study provides a novel extension of what Mack (1996) called the best method for predicting the fate of plant invaders: experimental sowings beyond the invader's current range, with manipulations of field conditions. While the distant sites used in this study were within the broad geographic range of Centaurea, they were at the edge of its distribution at the withinlandscape scale. We found previously that roadless grasslands are a scarce habitat that provides a significant refuge for native Californian species on nonserpentine soils (Gelbard and Harrison 2003) . Here we have shown that the effect of distance from roads corresponds with greater biotic resistance of roadless than roaded grasslands, apparently associated with higher native grass cover and isolation from human distur-bances. In light of our findings, grasslands distant from roads should be prioritized for conservation and carefully managed to maintain the characteristics that confer their resistance to invasion.
Examination of Centaurea performance at both local and landscape scales were crucial parts of this study. For example, our findings indicate that the low abundance of Centaurea at our distant sites may result from different factors on nonserpentine vs. serpentine soils. Propagule limitation is still implicated as a reason for the laok of invasion of distant serpentine sites and a probable contributor to the same effect on nonserpentine sites. Our conclusions would have differed had we not established plots over a sufficiently large area to include both soil types. Conversely, use of small plots allowed us to carefully examine under what physical, biotic, and disturbance conditions Centaurea would be most likely to invade roadless grasslands if propagules should be introduced. We conclude that roadless grasslands could become just as invaded by Centaurea as are roadsides, if seeds are introduced into habitats that have lost their native bunchgrasses or in which management conditions favor annual over perennial species (Mack 1989 
